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Abstract 
 
Global warming is still a difficult problem to solve, as the greenhouse gases, especially CO2, emitted from fuel combustion or 
other industrial processes are serious. Carbon Capture and Storage (CCS), which is storing CO2 in geological formations, is 
one of the potential approaches to reduce the phenomenon.  
 
In this project, we focus on dissolution trapping, where CO2 dissolves in formation brine and sinks to the bottom of geological 
formations as CO2-rich brine has higher density. The main uncertainties associated with the dissolution trapping mechanism 
are the solubility of CO2 in water and diffusion coefficient of CO2 in water. The interfacial tension of CO2 with water is 
relevant to the value of solubility. 
 
In this work, Molecular Dynamics (MD) computer simulations were conducted to obtain results at a molecular scale using the 
Gromacs code. The structure of the paper is as follows. In the first section, four models named SPC/E, TIP4P/2005, EPM2 and 
TraPPE (former two for water, latter two for CO2), were assessed with experimental data. As a result, TIP4P/2005 for water 
and TraPPE for CO2 were chosen to build the final CO2-water model. In the following part, a CO2-water model was generated 
to simulate interfacial tension of CO2-water intersurfaces and solubility of CO2 in water, and the results were used to perform 
further CO2-water simulations to calculate diffusion coefficient of CO2 in water. 
 
We found that the interfacial tension of CO2-water interfaces increased with temperature and decreased with pressure 
increasing; while solubility of CO2 in water increased with pressure and decreased with increasing temperature. As for 
diffusion coefficients of CO2 in water, the simulation conditions varied between 320 K and 350 K at pressures up to 17 MPa, 
the values of Dco2-water ranged between 3-5.23×10
-9
m
2
/s. Diffusion coefficients of CO2 in water slightly decreased with 
increasing pressure and increased with temperature. 
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Abstract 
Global warming is still a difficult problem to solve, as the greenhouse gases, especially CO2, emitted from fuel combustion or 
other industrial processes are serious. Carbon Capture and Storage (CCS), which is storing CO2 in geological formations, is 
one of the potential approaches to reduce the phenomenon.  
In this project, we focus on dissolution trapping, where CO2 dissolves in formation brine and sinks to the bottom of geological 
formations as CO2-rich brine has higher density. The main uncertainties associated with the dissolution trapping mechanism 
are the solubility of CO2 in water and diffusion coefficient of CO2 in water. The interfacial tension of CO2 with water is 
relevant to the value of solubility. 
In this work, Molecular Dynamics (MD) computer simulations were conducted to obtain results at a molecular scale using the 
Gromacs code. The structure of the paper is as follows. In the first section, four models named SPC/E, TIP4P/2005, EPM2 and 
TraPPE (former two for water, latter two for CO2), were assessed with experimental data. As a result, TIP4P/2005 for water 
and TraPPE for CO2 were chosen to build the final CO2-water model. In the following part, a CO2-water model was generated 
to simulate interfacial tension of CO2-water intersurfaces and solubility of CO2 in water, and the results were used to perform 
further CO2-water simulations to calculate diffusion coefficient of CO2 in water. 
We found that the interfacial tension of CO2-water interfaces increased with temperature and decreased with pressure 
increasing; while solubility of CO2 in water increased with pressure and decreased with increasing temperature. As for 
diffusion coefficients of CO2 in water, the simulation conditions varied between 320 K and 350 K at pressures up to 17 MPa, 
the values of Dco2-water ranged between 3-5.23×10
-9
m
2
/s. Diffusion coefficients of CO2 in water slightly decreased with 
increasing pressure and increased with temperature. 
 
Introduction 
Carbon Capture and Storage (CCS) is a technique to prevent the release of large amount of CO2 from fuel combustion or 
industrial processes into the atmosphere by capturing CO2 deep into geological formation. The International Energy Agency 
(IEA 2010) predicts that CCS could reduce up to 19% of CO2 emissions. There are at least three options for geological storage 
of CO2: oil and gas reservoirs, deep saline aquifers, and unmineable coalbeds, where CO2 is in supercritical state (IPCC 2005). 
In addition, there is sufficient volume for long-term CO2 storage to prevent CO2 emission (Orr 2009). There are four main 
mechanisms of trapping CO2 in the subsurface. 
1. Stratigraphic trapping, where caprock prevents CO2 from flowing upwards because of buoyant force (Hesse et al. 2008). 
2. Capillary trapping, also known as residual trapping, where CO2 is trapped by capillary forces in the pore of rock (Iglauer et 
al. 2011). 
3. Dissolution trapping, where CO2 dissolves into the formation brine and sinks because of the increased density of CO2-
enriched brine (Iglauer 2011). 
4. Mineral trapping, where CO2 reacts with formation brine into H2CO3, which ionizes HCO3
-
 and CO3
2-
; these anions react 
with host rock and mineral, and form solid materials to trap CO2 safe (Xu et al. 2003). 
This project focuses on the third mechanism -- dissolution trapping. As mentioned above, CO2 could store in coalbeds. This 
benefits enhanced coalbed methane recovery (ECBMR), as CO2 can absorb on the surface of coal and displace CH4; however, 
the coal swelling will harm injectivity of CO2 (Reeves et al. 2005). 
Besides coalbeds, CO2 also can be stored in deep saline aquifer, which leads to combined physical and chemical process: 
immiscible displacement of aquifer by CO2, partial dissolution of CO2 in brine, chemical reaction between CO2 and minerals 
in aquifer, increasing pressure of fluids, and changing effective stress then porosity and permeability (Pruess et al. 2002). The 
retention time of CO2 dissolution varies from months to even millions of years depending on the flow paths and dissolution 
processes (Bachu et al. 2003). There are two main problems: the slow speed of CO2 dissolution and the two-phase (CO2 and 
brine) reservoir flow dynamics. Once CO2 dissolves in the aqueous phase or precipitates as solid, the trapping will be safe. 
However, if the process is slow, the risk will be high, especially in the initial hundreds of years, as CO2 will escape before 
dissolution (Iglauer 2011). With sufficient experience, now technology is available to allow safe operation of subsurface 
Imperial College 
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storage. Surface monitoring and subsurface methods (well logs, seismic survey, etc) can detect leakage of CO2 (Orr 2009). 
 
There are four main factors that determine the dissolution kinetics of CO2 into brine in a reservoir: molecular diffusion of CO2 
into brine, CO2 dispersion in brine during flow, convection of CO2-saturated (heavier) brine in the reservoir and flow of the 
supercritical CO2 phase in the reservoir. In this project, diffusion coefficient of CO2 in water and the relationship with pressure 
and temperature are what we focus on, as interfacial areas of supercritical CO2-brine is significant to mass transfer kinetics 
(Iglauer 2011). Before discussing the diffusion coefficient of CO2 in water, it is better to understand first what the self-
diffusion coefficient of CO2 and water are and what is the expected dependence of this property with changing pressure and 
temperature. 
The self-diffusion coefficient of water (see experiments by Krynicki et al. (1978)), slightly decreases with pressure increases, 
and increases with temperature. These authors reported twelve isothermal experiments ranging from 275.2 K to 498.2 K and 
pressure from 100 MPa to 1700 MPa, the values of Dco2 were between 1-28×10
-9
m
2
/s. The equation of self-diffusion 
coefficient with modified Stokes-Einstein relation is shown below (equation 1). 
 
a
kT
4
D     (1) 
 
Where, k is the Boltzmann constant; a is the hydrodynamic radius (assume it is independent of pressure and temperature); η is 
viscosity of water, Pa·s. At the pressure and temperature, viscosity of water decreases with temperature increases, and it 
increases with pressure (IAPWS 1997). Therefore, D increases with temperature and decreases with pressure increases, which 
matches the tendency observed in the experiments. 
The self-diffusion coefficient of CO2, (see experiment of Groß et al. (1998)), decreases as pressure increases, and increases 
with temperature. The experimental conditions varied between 223 K and 450 K at pressures up to 200 MPa, the values of 
Dwater ranged between 2-56×10
-9
m
2
/s. Equation (1) can also be used for CO2. At the pressure and temperature, viscosity of CO2 
decreases as temperature increases, and it increases with pressure (Fenghour et al. 1998). Therefore, D increases with 
temperature and decreases with pressure increases, which is the same tendency as the experiments. 
As for the diffusion coefficient of CO2 in water, in Renner (1988)’s paper, six tests were taken to measure the DCO2-water with 
0.25N NaCl from 1.54 MPa to 5.86 MPa at 311 K, the results were 3.07-7.35×10
-9
 m
2
/s. The Wilke-Chang equation (2) 
showed that the DCO2-water increases with temperature (Wilke et al. 1955). 
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Where, x=2.26; MH2O is molar mass of water, =18g/mol; T is temperature, K; ηsolution is viscosity of CO2-water solution, cp; 
Vco2 is molal volume of CO2 at normal boiling point, ml/g·mol. 
A Semi-empirical model was developed recently to calculate diffusion coefficients for infinite diluted CO2-water mixture 
(Mutor et al. 2011), which also showed that the tendency of DCO2-water increases with temperature, but decreases as pressure 
increasing (equation 3 and 4). 
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22
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M
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








COOH MM
   (4) 
 
In these equations, 1 refers to CO2, 2 to water; M is the molecular mass, g/mol; μ is the total dipole moment, C·m; T r,2 is 
reduced temperature of water; Pr,2 is reduced pressure of water; η2 is water viscosity, Pa·s; c2 is water molar density, mol/m
3
. 
The solubility of water into CO2 is very low, and it increases with pressure (Sabirzyanov et al. 2002). In the paper of Espinoza 
et al. (2010), the experimental pressures were from 7 MPa to 20 MPa at temperature of 298 K, the results for D ranged 
between 1.8-15×10
-9
 m
2
/s. Equation (3) can also be used to estimate the diffusion coefficient of water in CO2 (Iglauer 2011). 
To conclude, diffusion coefficients decrease with increasing pressure and increase with temperature. 
 
Molecular Dynamics simulations 
In order to understand the relationship between diffusion coefficient and solubility of CO2 into water with thermodynamic 
parameters, we have employed molecular dynamics (MD) computer simulations. 
Molecular Dynamics simulations use Newton's Law of Motion to track the motion of atoms, and then calculate 
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thermodynamics parameters. This simulation method considers the behavior of hundred or even up to thousands of classical 
particles (Alder et al. 1959). This method provides results at a molecular scale, which show more microscopic details about the 
interfaces. In addition, it helps to assess the accuracy of experimental data. 
The molecular dynamic simulations of this project were performed using the code GROMACS-4.5.5 (Van der Spoel et al. 
2010). 
 
Interaction functions and force fields of simulation 
All the models in this project used Lennard Jones (LJ) and Coulomb potentials to model the interaction. Equation (5) shows 
the Lennard-Jones potential VLJ between two atoms. 
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Where, ε is the interaction strength between two atoms, σ is the effective diameter of the atoms and r is the distance between 
two atoms. σij is calculated by arithmetic average, while geometric average is used to calculate εij (equation 6 and 7). 
 
  jjiiij  
2
1
     (6) 
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As for Coulomb interaction between two charge particles is given by equation (8). 
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Where, q is the charge of particle; f is electric conversion factor, = 138.935485 kJ·mol
-1
·nm·e
-2
; εr=1 in this work (Van der 
Spoel et al. 2010). 
 
Test of simulation models 
To obtain more suitable models for water and CO2, four models named SPC/E, TIP4P/2005, EPM2 and TraPPE (former two 
for water, latter two for CO2) were estimated. The dielectric permittivity is 1 in this work. (Backgrounds of all models were 
written in Appendix B and the Lennard-Jones potential parameters for all models were listed in Table 1 below.) 
 
Table 1 Lennard-Jones Potential Parameters 
Atoms ε(kJ/mol) σ(nm) q(e) 
SPC/E water model 
H 0 0 +0.4238 
O 0.650 0.3166 -0.8476 
TIP4P/2005 water model 
H 0 0 +0.5564 
O 0.7749 0.31589 0 
M 0 0 -1.1128 
EPM2 CO2 model 
C 0.23391 0.2757 +0.6512 
O 0.66947 0.3033 -0.3256 
TraPPE CO2 model 
C 0.22452 0.280 +0.7000 
O 0.65693 0.305 -0.3500 
MCO 0 0 0 
 
Water model. 
The water models were the SPC/E (Berendsen et al. 1987) and TIP4P/2005 (Abascal et al. 2005). Each model was used to run 
simulations at pressure ranging from 0.1 MPa to 20 MPa and at temperatures from 300 K to 350 K. All simulations were 
performed in the Isothermal-Isobaric (NPT) ensemble (temperature, pressure and number of particles remained constant). The 
initial cell size for SPC/E model was 3nm × 3nm × 3nm; while the size for TIP4P/2005 model was 2.98393nm × 2.98393nm × 
2.98393nm. 500 water molecules of SPC/E model were employed, while 878 water molecules were simulated with the 
TIP4P/2005 model. The treatment of electrostatic interactions was performed using the PME (Fast smooth Particle-Mesh 
Ewald) method, and the van der Waal’s cutoff was set to 1.0nm. Each simulation was performed for 3,000,000 steps with 
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0.002ps time intervals to ensure equilibrium in the system. The density vs. pressure were plotted to compare with experimental 
data (Wagner et al. 2002), shown below (Figure 1). 
 
 
Figure 1 Plot of density vs. pressure of SPC/E and TIP4P/2005 comparing with experimental data 
 
Figure 1 shows that compared with SPC/E model, TIP4P/2005 model has better agreement with experimental data (Wagner et 
al. 2002). 
 
CO2 model. 
The models used to investigate CO2 were the EPM2 (Harris et al. 1995) and TraPPE (Potoff et al. 2001). Each model was 
simulated at pressures ranging from 0.1 MPa to 20 MPa at temperatures 300 K and 350 K. All simulations were performed in 
the Isothermal-Isobaric (NPT) ensemble. The initial box dimension for EPM2 model was 4.5nm × 4.5nm × 4.5nm; while for 
TraPPE model was 2.64323nm × 2.64323nm × 2.64323nm. 1000 CO2 molecules of EPM2 model were used for the 
simulation; while 216 CO2 molecules were simulated in TraPPE model. PME method was used for the electrostatic 
interactions; the van der Waal’s cutoff was set to 1.0nm. All simulations were ran 8,000ps with 4,000,000 steps. Plots of 
density vs. pressure were obtained to compare with experimental data (Span et al. 1996), as shown in Figure 2. (To get more 
accurate results, the TraPPE model was simulated five times at each condition, and the average data were used for the 
comparison. The results of each simulation and average data were listed in Table C - 1 to Table C - 12 in Appendix C.) 
 
 
Figure 2 Plot of pressure vs. density of EPM2 and TraPPE comparing with experimental data 
 
From Figure 2, the density of CO2 predicted by both models fit well the experiments (Span et al. 1996). The TraPPE model 
provides better agreement. As errors of CO2 density of TraPPE model are too small to be shown on the plot, the error bars are 
listed in Table C - 6 and Table C - 12. 
Further comparison with the TraPPE model was performed at pressures ranging from 10 MPa to 200 MPa and 298 K and 333 
K. The results are shown below (Figure 3). The experimental data were taken from Groß et al. (1998). 
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Figure 3 Plot of diffusion coefficient vs. pressure of TraPPE model comparing with experimental data 
Figure 3 reveals that the TraPPE model underestimates the self diffusion of CO2, by 14% average, as the simulated results are 
little smaller than experimental data (Groß et al. 1998). 
 
Simulation of CO2-water model 
From the results reported above, it was concluded that the best models were TIP4P/2005 for water and TraPPE for CO2. Then 
the two models were used to build the following CO2-water model. 
 
Interfacial tension and solubility 
 
 
Figure 4 Snapshot of the CO2 in water model (left--309 CO2 molecules, middle--900 water molecules, right--309 CO2 molecules) 
 
To obtain interfacial tension of CO2-water interfaces and solubility of CO2 in water, a model, consisted of 618 CO2 molecules 
and 900 water molecules, was built. The model consists of 3 regions with water in the middle and CO2 on both sides (Figure 
4). The initial box size was 3nm × 3nm × 10.36nm in x, y and z directions. Each simulation was performed for 1 million steps 
with 0.002ps time intervals to ensure equilibrium in the system. All the simulations were run at 320 K and 350 K. Unlike 
former simulations, these simulations were performed in the Canonical (NVT) ensemble (temperature, volume of box and 
number of particles remained constant). Different pressures were considered, between 10 MPa and 20 MPa (to make sure the 
CO2 molecules were in the supercritical state), by changing the box length in the z direction. To ensure the equilibration of the 
system five simulations for each condition were run, the results display in Table C - 13 to Table C - 24 in Appendix C.  
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Figure 5 Plot of density of CO2 and water vs. z size of box at 19.8104 MPa and 350 K 
 
Figure 5 presents the density results of CO2 in water model after NVT simulation. CO2 dissolved in the water, while the 
solubility of water in CO2 is very low, where it can be seen that no water dissolved in CO2. The density of CO2, water and CO2 
in water were labeled in the plot, where the curves were relatively stable. Solubility of CO2 in water was calculated through the 
ratio of density of CO2 in water to density of water, which in the unit of kg CO2/kg H2O. 
The solubility of CO2 in water from simulations above are compared with the correlation formula of semi-empirical solubility 
data (Duan et al. 2003), which shows in Table 2 and Table 3. As Duan's semi-empirical solubility data are actually molality 
(defined as the the amount of substance of solute divided by the mass of the solvent) which is in unit of mol CO2/kg H2O, for 
easy comparison, we converted our solubility data in unit of kg CO2/kg H2O into molality using equations 9 and 10. 
 
 
OH
CO
m
m
2
2S      (9) 
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S
S
M
S
m
Mm
m
n
b
COOH
COCO
OH
CO


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44
1010
10
33
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Where, S is solubility of CO2 in water, kg CO2/kg H2O; m is mass, kg; b is molality of CO2 in water, mol CO2/kg H2O; n is 
amount of substance, mol; M is molar mass, g/mol. 
 
Table 2 Interfacial tension and solubility results comparing with Duan et al.'s (2003) calculated data at 320K 
PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) solubility(Duan) (molCO2/kgH2O) 
13.9961 33.7758 0.7681 1.2327 
12.9807 34.4429 0.7538 1.2180 
12.3109 35.4778 0.7267 1.2081 
11.6542 36.3616 0.7111 1.1982 
11.0796 36.9375 0.6631 1.1894 
10.1628 39.7668 0.5365 1.1751 
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Table 3 Interfacial tension and solubility results comparing with Duan et al.'s (2003) calculated data at 350K 
PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) solubility(Duan) (molCO2/kgH2O) 
19.8104 31.5422 0.7882 1.1659 
18.4591 32.3870 0.7113 1.1408 
16.6969 33.4640 0.6564 1.1039 
15.4664 34.3231 0.6441 1.0746 
13.6515 35.8428 0.5797 1.0249 
12.7586 37.2731 0.5459 1.0052 
11.6449 39.5625 0.5076 0.9654 
10.4319 41.1151 0.4412 0.9136 
In these tables above, PZZ is the pressure in z direction, which is vertical to CO2-water interfaces, MPa; γ is interfacial tension 
of CO2-water interfaces, mN/m. The results from simulations were interfacial tension of two CO2-water interfaces, so the 
interfacial tension is the half of the simulated results. The error bars are listed in Table C - 18 and Table C - 24. 
From the comparison of simulated results with semi-empirical solubility data (Duan et al. 2003), which is about 7% 
uncertainties in CO2 solubility, we conclude that the force field employed in this work under predicts the solubility of CO2 in 
water. From the comparison of simulated results with semi-empirical solubility data, the force field of simulated model under 
predicts the solubility of CO2 in water by 32-54%. 
 
Figure 6 Plot of interfacial tension vs. pressure of several experimental data and simulation results 
Figure 6 shows a comparison of our results with the experimental data of Georgiadis et al. (2010) and Chiquet et al. (2009). 
The model overestimates the interfacial tension of CO2 and water at high pressure, where CO2 is in supercritical phase. 
 
Figure 7 Plot of CO2 density vs. pressure comparing with experimental data 
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Figure 7 shows that the CO2 model employed in this work provides a good prediction of the CO2 experimental density (Span et 
al. 1996), only a little higher at 350K, but the error is about 5.93%, which is acceptable. 
Diffusion coefficients 
The numbers of CO2 and water for the following model were calculated based on equation (11). 
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Where, N is particle number; NA is Avogadro constant, which equals 6.02214129×10
23
 mol
−1
. 
For further comparison, the numbers of particles in final model were calculated from the results above and the semi-empirical 
solubility data (Duan et al. 2003), the numbers show in Table 4 and 5. 
Table 4 Numbers of particles and box size in final model at 320K 
PZZ(MPa) Nco2 Nwater(simulation) Box size(simulation)(nm) Nwater(Duan) Box size(Duan)(nm) 
13.9961 50 3616 4.9 2253 4.2 
12.9807 50 3685 4.9 2281 4.2 
12.3109 50 3822 5.0 2299 4.2 
11.6542 50 3907 5.0 2318 4.2 
11.0796 50 4189 5.1 2335 4.3 
10.1628 50 5177 5.5 2364 4.3 
 
Table 5 Numbers of particles and box size in final model at 350K 
PZZ(MPa) Nco2 Nwater(simulation) Box size(simulation)(nm) Nwater(Duan) Box size(Duan)(nm) 
19.8104 50 3524 4.8 2383 4.2 
18.4591 50 3905 5.0 2435 4.3 
16.6969 50 4232 5.2 2516 4.4 
15.4664 50 4313 5.2 2585 4.4 
13.6515 50 4792 5.4 2710 4.5 
12.7586 50 5089 5.5 2763 4.5 
11.6449 50 5472 5.6 2877 4.5 
10.4319 50 6295 5.8 3040 4.6 
Box size of final model was different from each other as different molecule numbers, but all boxes were in cubic (data also 
shown in Table 4 and 5). There were two stages for the final model. First, the models run in Isothermal-Isobaric (NPT) 
ensemble, with the pressures from Pzz of former models and corresponding temperatures. Each simulation ran 200,000 steps 
with 0.002ps time intervals to ensure equilibrium of the system. Once the volume of the models remained stable, the next stage 
could be started. The second step was in Canonical (NVT) ensemble, with the box sizes from results of models in NPT 
ensemble and corresponding temperatures. Simulations were run 2,000ps with 1,000,000 steps each to ensure equilibrium of 
the system. Then checked the pressures and calculated diffusion coefficients. 
 
Figure 8 Plot of MSD vs. time at 350K 
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Equation (12) presents the Einstein relation (Einstein 1905), which is used to estimate diffusion coefficient: 
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Where, ri is location of atom i. So, D is 1/6 slope of the MSD vs. time curve. As time intervals for all simulations was 0.002ps, 
which is tiny, there may had some points suddenly changed and diverged from the former tends. For avoiding uncertainty from 
this reason, the sections we selected were relatively straight. Figure 8 is the MSD result from MD, from it, the fitting of the 
curves was from 500ps to 1500ps. Results of diffusion coefficients of CO2 in water were listed below (Figure 9). 
 
Figure 9 Diffusion coefficients of CO2 in water vs. pressure comparing with experimental data 
 
In Figure 9, black points are simulated results, the black lines are the trendlines of them, red points are experimental data from 
Thomas et al. (1964) and Tamimi et al. (1994), and other colourful lines are calculated data from Wilke et al. (1955), Othmer 
et al. (1953) and Mutoru et al. (2011), which shows more details in the labels of the plot. For no confusion below, the model 
using simulated solubility is named model s, and the other using Duan et al. (2003) solubility is model d. Therefore, "320K 
(simulated solubility)" in the figure means the results of model s at 320K; "350K (Duan solubility)" in the plot stands for the 
data of model d simulated at 350K. The error of experimental data is around 0.0071×10
-9
 m
2
/s (Tamimi et al. 1994). 
Equation (2) presents Wilke et al. (1955), equation (3) shows Mutoru et al. (2011), and equation (13) below displays Othmer et 
al. (1953). 
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22
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COOH V
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From Figure 9, for all models, D decreases as pressure increases and increases with increasing temperature. The values of 
simulated results are all more or less underestimated, and results from model s are all bigger than those from model d. In 
addition, the curves of model s are all more close to Othmer et al. (1953). 
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Discussion 
 
Interfacial tension of CO2-water interfaces and solubility of CO2 in water 
The initial CO2-water model suggested interfacial tension of CO2-water intersurface increased with temperature and decreased 
with increasing pressure. Although the values of interfacial tension were higher than experimental data of Georgiadis et al. 
(2010) and Chiquet et al. (2009), the tendencies of two simulated curves were in accord with experimental data. 
Overestimation of interfacial tension resulted in under predicting of solubility of CO2 in water. This may because a higher 
interfacial tension implies less affinity between both phases; hence for a higher interfacial tension there is a higher free energy 
cost to move molecules from one phase to another, which means less CO2 move into water, then solubility decreases. 
Besides interfacial tension, solubility of CO2 in water also was provided, it decreased with pressure and increased with 
decreasing temperature. One possible reason is that: The processes of CO2 dissolving in water are included two sections: CO2 
(gas) dissolves in CO2 (supercritical) and CO2 (supercritical) dissolves in water. Dissolution is connected to the chemical 
potential of the two phases, i.e. CO2 (gas) in CO2 (supercritical) and CO2 (supercritical) in water, at higher temperature, CO2 
becomes less favourable to dissolve in water. This is due to the hydrophobic effect and ultimately to the peculiar changes in 
entropy which is from water experience upon addition of molecules. Higher temperature means heavier hydrophobic effect is, 
then less CO2 dissolves in water. 
 
Diffusion coefficient of CO2 in water 
The numbers of particles used for the following CO2-water simulation were calculated from solubility, diffusion coefficients of 
CO2 in water slightly decreased with an increased in pressure and increased with temperature. Comparing with model d, 
results from model s seem to be better. In theory, the former model (model d) reduced the uncertainties from underestimation 
of solubility, the results should be better. I suppose the reason is that model d had relatively more CO2 than model s, the more 
CO2 will block CO2 molecules spreading, then causes Dco2-water of model d is less than model s. No matter which model was, 
model s (with simulated solubility) or model d (with Duan solubility), the results of simulation more or less underestimated 
Dco2-water, this may because that from former TraPPE model simulations, the results displays that the CO2 model which I used 
in the CO2-water model under predicts self diffusion of CO2, yet the values of simulated diffusion coefficients of CO2 in water 
were smaller than experimental data. 
From Mutoru et al. (2011), the absolute average deviations of Wilke et al. (1955), Othmer et al. (1953) and Mutoru et al. 
(2011) were shown in Table 6. 
 
Table 6 AAD (absolute average deviation) of Wilke et al. (1955), Othmer et al. (1953) and Mutoru et al. (2011) 
 
AAD (low pressure) (%) AAD (high pressure) (%) 
Wilke et al. (1955) 8.1 4.9 
Othmer et al. (1953) 7.9 5.1 
Mutoru et al. (2011) 4.9 5.6 
As the results from model using simulated solubility (model s) are more likely to the data of Othmer et al. (1953), I assume 
that the uncertainties of model s are around 5.1% to 7.9%, and model d has higher uncertainties. 
 
Conclusions and Recommendations 
Molecular dynamics simulation method was conducted in this project, which computed interfacial tension of CO2-water 
surface and diffusion coefficient of CO2 in water at different temperature and pressure, to provide fundamental investigation of 
CCS. 
From the project, we conclude and recommend that: 
1. MD simulation is a suitable approach to compute behavior of CO2-water system. The simulated results provide microscopic 
view of the interfaces. 
2. Although solubility of CO2 in water is not high, as volume of water in aquifers or reservoirs is large, the amount of 
dissolved CO2 in water is numerous. Therefore, it can be considered that CCS is a useful method to capture CO2 and 
dissolution is one significant mechanism in trapping. 
3. Force field affects the diffusion coefficients than other factors, such as pressure and temperature. As the force field used in 
this project is not good enough for the simulations which caused underpredictions of results, I suggest that more simulations 
with different force fields should be conducted to obtain better values of interfacial tension and diffusion coefficient. 
4. Simulations of CO2-brine should be performed as water in formations is usually brine, afterwards, simulations of binary 
CO2 mixture, such as n-decane and methane, should be processed for investigation of CO2 injection in oil reservoir. 
 
Nomenclature 
AAD = Absolute average deviation 
b  = Molality of CO2 in water (mol CO2/kg H2O) 
c  = Molar density (mol/m
3
) 
C  = Carbon 
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CCS = Carbon Capture and Storage 
CO2 = Carbon dioxide 
CO3
2-
 = Carbonate anion 
D  = Diffusion coefficient (10
-9
 m
2
/s) 
DCO2-water = Diffusion coefficient of CO2 in water (10
-9
 m
2
/s) 
ECBMR = Enhanced Coal Bed Methane Recovery 
f  = Electric conversionfactor 
H  = Hydrogen 
HCO3
-
 = Hydrogen carbonate anion 
H2O = Water 
H2CO3 = Carbonic acid 
K  = Degree Kelvin 
m  = Mass (kg) 
M  = Molar mass (g/mol) 
MD = Molecular Dynamics 
MSD = Mean Square Displacement 
n  = Amount of substance (mol) 
N  = Particle number 
NA  = Avogadro constant (=6.02214129×10
23
 mol
−1
) 
NaCl = Sodium Chloride 
Nco2 = CO2 number 
NPT = Isothermal-Isobaric ensemble 
NVT = Canonical ensemble 
Nwater = Water number 
O  = Oxygen 
P  = Pressure (MPa) 
PME = Fast smooth Particle-Mesh Ewald 
PZZ  = Pressure at z direction (MPa) 
r  = Distance (nm) 
S  = Solubility of CO2 in water (kg CO2/kg H2O) 
T  = Temperature (K) 
V  = Molal volume (m
3
/g·mol) 
Vc  = Coulomb potentials 
VLJ  = Lennard-Jones potential 
γ  = Interfacial tension (mN/m) 
ε  = Interaction strength (kJ/mol) 
η  = Viscosity (Pa·s) 
μ  = Total dipole moment (C·m) 
σ  = Effective diameter (nm) 
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APPENDIX A Literature review 
 
MILESTONES IN MOLECULAR DYNAMICS SIMULATION STUDY OF CO2-WATER INTERFACES 
TABLE OF CONTENT 
 
Year Title Authors Contribution 
1955 
Correlation of diffusion coefficients in 
dilute solutions 
Wilke, C.R., Chang, P. 
Improvement over previous correlation of 
diffusion coefficients in dilute solutions. 
1959 
Studies in Molecular Dynamics. I. 
General Method 
Alder, B.J., 
Wainwright, T.E. 
Introduce the overall molecular dynamics 
method, and discuss the potential of solution 
of problems based on the method. 
1964 
Diffusion Coefficients of CO2, C2H4, 
C3H6, and C4H8 in Water from 6°to 65° 
Unver, A.A., 
Himmelblau, D.M. 
First to raise the agreement between 
theoretically predicted and experimental 
diffusivities in water/CO2 (in gas phase) 
systems but not for other gases. 
1978 
Pressure and temperature dependence 
of self-diffusion in water 
Krynicki, K., 
Green, C.D., 
Sawyer, D.W. 
Experimental data of self diffusion of water 
were provided, and relation of Stokes-
Einstein and cubic cell model of Houghton 
were displayed in this paper.  
1988 
Measurement and Correlation of 
Diffusion Coefficients for CO2 and 
Rich-Gas Applications 
Renner, T.A. 
1. An unique developed method to measure 
diffusion coefficients of CO2 and other 
solvent gases. 
2. Correlation is given to reproduce the 
empirical function of diffusion coefficients 
for liquid hydrocarbon and for water/brine at 
both high and low pressure. 
2009 CO2 capture and storage: are we ready? Orr, F.M. 
1. There is sufficient volume for long-term 
CO2 storage. 
2. Technology available with sufficient 
experience allows safe operation of 
subsurface storage. Surface monitoring and 
subsurface methods (well logs, seismic 
survey, etc) can detect leakage of CO2. 
2011 
Dissolution trapping of carbon dioxide 
in reservoir formation brine – a carbon 
storage mechanism. 
Iglauer, S. 
Summary of dissolution of carbon dioxide in 
reservoir brine. Outline the geological 
formation, fluid dynamics, thermodynamics 
and kinetics of CO2 dissolves in brine. 
2011 
Modeling infinite dilution and Fickian 
diffusion coefficients of carbon dioxide 
in water 
Mutoru, J.W., 
Leahy-Dios, A., 
Firoozabadi, A. 
A new model was generated to calculate 
infinite dilution diffusion coefficients for 
CO2-water. The model considered about the 
dipole moment of water and polarizability of 
CO2, and can predict Dco2-water of infinite 
dilution. 
2011 
Vapor–liquid equilibria of mixtures 
containing alkanes, carbon dioxide, 
and nitrogen 
Potoff, J.J., 
Siepmann, J.I. 
A new CO2 model named TraPPE model was 
improved which is used in this project, and 
the overall structure of the model is O--M---
C---M--O, where M is the mass center. 
2012 
Molecular dynamics computations of 
brine-CO2 interfacial tensions and 
brine-CO2-quartz contact angles and 
their effects on structural and residual 
trapping mechanisms in carbon geo-
sequestration 
Iglauer, S. 
Mathew, M.S. 
Bresme, F. 
1. Investigation of brine-CO2 interfacial 
tension and brine-CO2-quartz contact angle 
based on molecular dynamics computer 
simulations. 
2. The simulation model may enable the 
microscopic investigation of the interfacial 
properties of aqueous solutions in mineral 
surfaces. 
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Am. Inst. Chem. Eng. J. (1955), 1, 264-270 
 
Correlation of diffusion coefficients in dilute solutions 
 
Author: Wilke, C.R., Chang, P. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
Improvement over previous correlation of diffusion coefficients in dilute solutions. 
 
Objective of the paper: 
To develop the correlation of diffusion coefficients in dilute solutions. 
 
Methodology used: 
The correlation was based on Eyring theory and the Stokes-Einstein relation, and experimental study was conducted to obtain 
enough data to correlate. 
 
Conclusion reached: 
An improved equation was correlated of diffusion coefficient in dilute solutions. 
 
Comments: 
The correlation equation can be used in this project. 
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J. Chem. Phys (1959), 31,459-466 
 
Studies in Molecular Dynamics. I. General Method 
 
Author: Alder, B. J. and Wainwright, T. E. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
Introduce the overall molecular dynamics method, and discuss the potential of solution of problems based on the method. 
 
Objective of the paper: 
To describe the overall approach and limitations of the method, and to show applications depending on it. 
 
Methodology used: 
Trajectories were used to trace each particle and calculate the interaction potential among its neighbors. 
 
Conclusion reached: 
The size of the system is the main limitations of the method because of memory capacity and speed of the computing 
machines, and the limitation could be reduced by using best presently available computers. The history of each particle is 
recorded on magnetic tape after proceeding calculation of particle systems. 
 
Comments: 
Fundamental introduction material of molecular dynamics method. 
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JOURNAL OF CHEMICAL AND ENGINEERING DATA (1964), 9, 3, 428-431 
 
Diffusion Coefficients of CO2, C2H4, C3H6, and C4H8 in Water from 6°to 65° 
 
Author: Unver, A.A., Himmelblau, D.M. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
First to raise the agreement between theoretically predicted and experimental diffusivities in water/CO2 (in gas phase) systems 
but not for other gases. 
 
Objective of the paper: 
To measure diffusion coefficients of CO2, C2H4, C3H6, and C4H8 in Water from 6°to 65°, and compare the results with 
calculated data from former equations. 
 
Methodology used: 
Experiments were operated from 6°to 65°. Correlation through former published papers and results from experiments. 
 
Conclusion reached: 
The experimental diffusivities in water/CO2 (in gas phase) systems were perfectly agree with theories, but not for other gases. 
A quadratic equation was generated to calculate diffusion coefficients at different temperatures. 
 
Comments: 
The correlation equation can only be used in the situation that pressure is constant, but in this project, we focus more on D 
with different pressures not temperature. 
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Faraday Discuss. Chem. Soc. (1978), 66, 199-208 
 
Pressure and temperature dependence of self-diffusion in water  
 
Author: Krynicki, K., Green, C.D. and Sawyer, D.W. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
Experimental data of self diffusion of water were provided, and relation of Stokes-Einstein and cubic cell model of Houghton 
were displayed in this paper.  
 
Objective of the paper: 
To compare experimental data with theories, and modify Stokes-Einstein relation. 
 
Methodology used: 
Experiments were conducted at temperatures between 275.2K and 498.2 K and at pressures up to 1.75 kbar. 
 
Conclusion reached: 
The values of experiments agreed with published data, and Stokes-Einstein relation was modified through comparison with 
experimental results. 
 
Comments: 
A good resource of self diffusion of water, but the pressures are too high for reservoir conditions. 
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SPE Reservoir Engineering (1988), 3, 2, 517-523 
 
Measurement and correlation of diffusion coefficients for CO2 and rich-gas applications 
 
Author: Renner, T.A. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
An unique developed method to measure diffusion coefficients of CO2 and other solvent gases, and correlation is given to 
reproduce the empirical function of diffusion coefficients for liquid hydrocarbon and for water/brine at both high and low 
pressure. 
 
Objective of the paper: 
To measure diffusion coefficients of CO2 and rich-gas, and correlate them. 
 
Methodology used: 
Experiments were operated at 311K and different pressures. For CO2 in decane was up to 5.86MPa, for CO2 in brine with 
0.25N NaCl was up to 5.86MPa and for ethane in decane was up to 4.14MPa. Correlation through former published papers and 
results from experiments. 
 
Conclusion reached: 
Volumetric and phase-equilibrium data were needed to measure diffusion coefficient for gas/liquid system. The results of 
correlation equations of D for CO2, liquid hydrocarbon and CO2 in liquid hydrocarbon showed suitable match with 
experimental data and engineering applications. 
 
Comments: 
The correlation equation can be used in the project, but the water in this project has no salt in it. 
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Energy and Environmental Science (2009), 2, 449-458 
 
CO2 capture and storage: are we ready？ 
 
Author: Orr, F.M. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
There is sufficient volume for long-term CO2 storage. Technology available with sufficient experience allows safe operation of 
subsurface storage. Surface monitoring and subsurface methods (well logs, seismic survey, etc) can detect leakage of CO2. 
 
Objective of the paper: 
To test whether CO2 can be captured and if there is enough capacity for storing, show methods of monitoring and field 
experience of CO2 injection. 
 
Methodology used: 
The results were obtained by researches. 
 
Conclusion reached: 
Capturing CO2 is possible and the geological formations have enough volume to store CO2. Methods, such as well logs and 
pressure measurements, were proved to be effective in monitoring CO2 subsurface by experience from CO2 injection. 
 
Comments: 
A good background paper to show the possibility of CCS. 
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Mass Transfer - Advanced Aspects (ed.: Nakajima H), InTech (2011), 233-262 
 
Dissolution trapping of carbon dioxide in reservoir formation brine – a carbon storage mechanism 
 
Author: Iglauer, S. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
Summary of dissolution of carbon dioxide in reservoir brine. Outline the geological formation, fluid dynamics, 
thermodynamics and kinetics of CO2 dissolves in brine. 
 
Objective of the paper: 
To introduce the mechanisms of dissolution trapping, summarize the former papers about CO2 dissolution in water. 
 
Methodology used: 
Comparison of former published papers and sum up with more mechanisms in reasonable order.  
 
Conclusion reached: 
Dissolution trapping is a potential solution for CCS, as it CO2 can be captured very safely, and the risk is small as CO2 
dissolves in brine. More research is needed about monitoring the behavior of CO2 under real injection and reservoir condition 
in long term. 
 
Comments: 
A good background paper to this project, information of mechanisms about dissolution trapping could be found from it. 
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AIChE Journal (2011), 57, 6, 1617-1627 
 
Modeling infinite dilution and Fickian diffusion coefficients of carbon dioxide in water 
 
Author: Mutoru, J.W., Leahy-Dios, A., Firoozabadi, A. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
A new model was generated to calculate infinite dilution diffusion coefficients for CO2-water. The model considered about the 
dipole moment of water and polarizability of CO2, and can predict Dco2-water of infinite dilution. 
 
Objective of the paper: 
To develop a new model to calculate infinite dilution diffusion coefficients for CO2-water, and compare with experimental 
data. 
 
Methodology used: 
Survey of literature to search enough experimental data, and based on formula of former model, develop the diffusion 
coefficient equation. 
 
Conclusion reached: 
A new diffusion coefficient equation of CO2-water mixture was generated. The proposed model matched well with 
experimental data of CO2 with water with accuracy of 4.9%. The model also predicted infinite dilution diffusion coefficients 
for other binary water mixtures, such as CH4, C2H6, C3H8, and H2S. 
 
Comments: 
The correlation equation can be used in this project to calculate diffusion coefficient of CO2 in water, also the D of water in 
supercritical CO2. 
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AIChE J. (2001), 47, 1676–1682 
 
Vapor–liquid equilibria of mixtures containing alkanes, carbon dioxide, and nitrogen 
 
Author: Potoff, J.J., Siepmann, J.I. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
A new CO2 model named TraPPE model was improved which is used in this project, and the overall structure of the model is 
O--M---C---M--O, where M is the mass center. 
 
Objective of the paper: 
To develop new force field for CO2 and N2 and their mixtures with alkanes, and compare with experimental data to check the 
accuracy of new model. 
 
Methodology used: 
MD method was used to simulate pure component, binary mixtures and ternary mixtures. 
 
Conclusion reached: 
TraPPE force field was developed, the results of pure component of CO2 and N2 agreed with experiments well. 
 
Comments: 
TraPPE CO2 model was used in this project, after comparison with EPM2 CO2 model, this model showed better agreements 
with experimental data, then it was used in constructing CO2 in water model. 
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J Colloid Interf Sci (2012), 375,187-192 
 
Molecular dynamics computations of brine-CO2 interfacial tensions and brine-CO2-quartz contact angles and their effects on 
structural and residual trapping mechanisms in carbon geo-sequestration. 
 
Author: Iglauer, S., Mathew, M.S., Bresme, F. 
 
Contribution to the understanding of molecular dynamics simulation study of CO2-water interfaces: 
Investigation of brine-CO2 interfacial tension and brine-CO2-quartz contact angle based on molecular dynamics computer 
simulations. The simulation model may enable the microscopic investigation of the interfacial properties of aqueous solutions 
in mineral surfaces. 
 
Objective of the paper: 
To investigate CO2-brine interfacial tension and CO2-brine-rock contact angle, and the relationship with temperature, pressure 
and salinity.  
 
Methodology used: 
MD simulations were used to calculate γ and θ. The system included of CO2/water/NaCl and α-quartz surface. 
 
Conclusion reached: 
The model predicted that γ decreased with increasing pressure, and increased with temperature; θ decreased with increasing 
temperature, and increased with pressure. 
 
Comments: 
Although the mechanism of CO2 trapping is different from this project, this paper is a good material for MD simulations of 
CO2-water. 
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APPENDIX B Background of Simulation Models 
 
SPC/E Water Model 
SPC/E model, short for extended simple point charge model, was an improved SPC model generated by Berendsen et al. 
(1987). It consists of 3 points with OH distance of 0.1nm and HOH angle of 109.47º, and the charges of the hydrogen and 
oxygen equal to +0.4238e and -0.8476e. The diffusion constant improved compared with the SPC model, and the SPC/E 
model matched much better than SPC model. 
 
TIP4P/2005 Water Model 
TIP4P/2005 model was generated for the condensed phases of water by Abascal et al. (2005). It is a rigid 4 site model having 3 
fixed point charges and one Lennard-Jones center. Including various thermodynamic properties of the solid and liquid phase 
and self-diffusion coefficient, these properties were calculated at temperature ranging from 123K to 573K and at up to 
4000MPa pressure. The model showed that the density at 298K and 1bar is 0.9979g/cm
3
, while the experimental result is 
0.9971g/cm
3
, which showed good match with experiment. 
 
EPM2 CO2 Model 
EPM2 model was an improved EPM model generated by Harris et al. (1995). It consists of 3 points, where C-O bond length is 
0.1149nm and the charges of the carbon and oxygen are +0.6512e and -0.3256e. The model accurately predicts the critical 
point, and the liquid coexistence densities are better close to experimental data. 
 
TraPPE CO2 Model 
TraPPE model was an improved CO2 model developed by Potoff et al. (2001). The overall structure of the model is O--M---C-
--M--O, where M is the mass center. Two massive particles that each have half the mass of CO2. It has 3 sites with CO distance 
of 0.116nm and OCO angle of 180º. The simulation results showed high accuracy with experiments. 
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APPENDIX C Results of the simulations in this project 
 
Table C - 1 Results of first run of TraPPE CO2 model at 300K 
Run 1 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 9.59650 1050.1847 
1 19.2013 813.9590 
2 41.2858 532.4409 
5 118.165 175.6693 
10 814.626 16.0182 
15 865.954 14.4712 
20 900.058 12.8026 
 
 
Table C - 2 Results of second run of TraPPE CO2 model at 300K 
Run 2 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 9.75854 891.9423 
1 20.8173 817.9317 
2 40.3055 487.2617 
5 120.694 162.9627 
10 813.702 14.7606 
15 864.569 13.9217 
20 900.004 12.4729 
 
 
Table C - 3 Results of third run of TraPPE CO2 model at 300K 
Run 3 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 9.71723 984.5377 
1 21.2166 746.0203 
2 40.9204 452.9168 
5 121.702 171.5521 
10 815.319 15.9011 
15 865.847 13.4969 
20 900.532 12.4586 
 
 
Table C - 4 Results of fourth run of TraPPE CO2 model at 300K 
Run 4 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 9.56123 869.5427 
1 21.2479 819.1580 
2 40.8390 474.1534 
5 121.748 152.6888 
10 813.933 15.6390 
15 866.154 14.4212 
20 899.855 13.4162 
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Table C - 5 Results of fifth run of TraPPE CO2 model at 300K 
Run 5 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 10.0124 921.1476 
1 20.5642 798.6124 
2 40.8734 498.5774 
5 121.476 172.4330 
10 814.386 15.2788 
15 865.058 13.0334 
20 899.309 11.8121 
 
 
Table C - 6 Average results of five simulations of TraPPE CO2 model at 300K 
Average 
pressure(MPa) density(kg/m
3
) error bars(±) coefficient constant(10-5cm2/s) 
0.1 9.72917 0.0728  943.4710 
1 20.60946 0.1458  799.1363 
2 40.84482 0.1137  489.0700 
5 120.7570 0.2294  167.0612 
10 814.3932 0.2771  15.5195 
15 865.5164 0.2815  13.8689 
20 899.9516 0.1949  12.5925 
 
 
Table C - 7 Results of first run of TraPPE CO2 model at 350K 
Run 1 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 7.58462 1276.6559 
1 17.2104 1118.0460 
2 36.0022 741.9966 
5 90.7435 244.9230 
10 212.077 106.7671 
15 456.018 49.1102 
20 610.110 30.1402 
 
 
Table C - 8 Results of second run of TraPPE CO2 model at 350K 
Run 2 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 8.58587 1165.9728 
1 18.5062 954.5247 
2 33.4989 604.0372 
5 88.3730 268.7136 
10 217.473 107.5796 
15 426.018 47.8985 
20 606.022 29.4887 
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Table C - 9 Results of third run of TraPPE CO2 model at 350K 
Run 3 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 7.23549 1246.2197 
1 18.7349 1061.7827 
2 33.8414 643.3157 
5 89.1503 262.4323 
10 217.493 105.4872 
15 426.053 51.5632 
20 605.178 35.2290 
 
 
Table C - 10 Results of fourth run of TraPPE CO2 model at 350K 
Run 4 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 8.02148 1158.6123 
1 18.8576 837.9625 
2 33.7887 687.4062 
5 89.2512 251.9568 
10 217.125 92.8109 
15 426.608 52.0139 
20 606.343 30.3131 
 
 
Table C - 11 Results of fifth run of TraPPE CO2 model at 350K 
Run 5 
pressure(MPa) density(kg/m
3
) coefficient constant(10
-5
cm
2
/s) 
0.1 8.24658 1204.2513 
1 17.5974 952.2145 
2 33.8405 707.1547 
5 89.1571 285.7222 
10 216.742 108.7545 
15 425.412 48.7184 
20 606.782 31.3391 
 
 
Table C - 12 Average results of five simulations of TraPPE CO2 model at 350K 
Average 
pressure(MPa) density(kg/m
3
) error bars(±) coefficient constant(10
-5
cm
2
/s) 
0.1 7.93480 0.2228  1210.3424 
1 18.1813 0.2260  984.9061 
2 34.1943 0.1105  676.7821 
5 89.3350 0.1734  262.7496 
10 216.182 0.2468  104.2799 
15 432.022 1.2146  49.8608 
20 606.887 0.3081  31.3020 
 
 
 
 
 
Molecular Dynamics Simulation Studies of CO2-water Interfaces  28 
Table C - 13 Results of first NVT run of CO2-water model at 320K 
Run 1 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
10.4 13.9490 33.6105 0.7868 702.666 
10.8 13.0330 34.4028 0.7943 684.651 
11.2 12.5471 35.0740 0.7336 668.438 
12.5 11.9064 36.1890 0.7747 630.607 
13.2 11.4317 36.8983 0.6279 599.982 
17.5 10.9576 40.1723 0.6680 492.335 
 
Table C - 14 Results of second NVT run of CO2-water model at 320K 
Run 2 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
10.4 13.9649 34.3823 0.6609 699.063 
10.8 12.5700 34.3088 0.8432 681.048 
11.2 12.2267 35.5895 0.7151 670.240 
12.5 11.6894 36.5315 0.7590 619.796 
13.2 11.0397 37.2593 0.6327 569.357 
17.5 10.4315 39.8855 0.4773 531.526 
 
Table C - 15 Results of third NVT run of CO2-water model at 320K 
Run 3 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
10.4 14.3757 33.4705 0.6318 717.078 
10.8 13.1981 34.7425 0.6527 681.048 
11.2 12.3534 35.2963 0.6362 650.423 
12.5 11.3919 36.2543 0.8016 619.798 
13.2 10.9230 37.2325 0.6111 563.952 
17.5 9.5453 39.5833 0.5065 467.739 
 
Table C - 16 Results of fourth NVT run of CO2-water model at 320K 
Run 4 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
10.4 14.0410 33.7540 0.8528 709.872 
10.8 12.8946 34.3905 0.7828 679.247 
11.2 12.3760 35.5200 0.7272 650.423 
12.5 11.5767 36.5893 0.7488 630.607 
13.2 11.2121 37.1358 0.6832 590.975 
17.5 10.2746 39.5213 0.4902 472.335 
 
Table C - 17 Results of fifth NVT run of CO2-water model at 320K 
Run 5 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
10.4 13.6501 33.6615 0.9082 700.865 
10.8 13.2076 34.3700 0.6959 677.446 
11.2 12.0514 35.9090 0.8214 648.622 
12.5 11.7067 36.2438 0.4712 612.592 
13.2 10.7916 36.1618 0.7608 565.754 
17.5 9.6052 39.6718 0.5407 477.923 
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Table C - 18 Average results of five NVT simulations of CO2-water model at 320K 
Average 
z(nm) PZZ(MPa) error bars(±) γ(mN/m) error bars(±) solubility(molCO2/kgH2O) error bars(±) ρco2(kg/m
3
) error bars(±) 
10.4 13.9961 0.1160 33.7758 0.1584 0.7681 0.0535 705.909 3.3412 
10.8 12.9807 0.1178 34.4429 0.0766 0.7538 0.0347 680.688 1.1948 
11.2 12.3109 0.0825 35.4778 0.1407 0.7267 0.0294 657.629 4.8003 
12.5 11.6542 0.0844 36.3616 0.0824 0.7111 0.0606 622.680 3.4933 
13.2 11.0796 0.1119 36.9375 0.2041 0.6631 0.0272 578.004 7.3266 
17.5 10.1628 0.2654 39.7668 0.1186 0.5365 0.0345 488.372 11.5544 
 
 
Table C - 19 Results of first NVT run of CO2-water model at 350K 
Run 1 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
11.5 19.4815 31.3125 0.6871 641.416 
12 18.6444 32.2400 0.7817 601.783 
13 17.1591 32.9545 0.6953 551.342 
14 15.7220 34.4553 0.4779 508.107 
17 14.0612 36.9930 0.5478 413.413 
18 13.3162 36.9553 0.5303 384.146 
19 12.2347 38.8743 0.5330 348.184 
20 10.8909 43.2713 0.4364 260.564 
 
 
Table C - 20 Results of second NVT run of CO2-water model at 350K 
Run 2 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
11.5 19.4872 31.5810 0.8955 630.248 
12 18.5270 32.7665 0.6741 603.969 
13 16.5508 34.4773 0.4905 555.833 
14 15.3971 33.1850 0.7700 523.136 
17 13.4218 35.7740 0.7472 378.017 
18 12.6382 37.9350 0.5266 384.243 
19 11.4429 39.8088 0.3958 289.382 
20 10.5116 41.6395 0.4083 250.338 
 
 
Table C - 21 Results of third NVT run of CO2-water model at 350K 
Run 3 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
11.5 19.9427 31.4315 0.8036 632.409 
12 18.4090 32.4908 0.7449 592.776 
13 16.5071 32.6278 0.6799 558.569 
14 15.4027 35.0425 0.7483 481.364 
17 13.5295 35.1950 0.5096 390.291 
18 12.5306 37.5425 0.5866 348.217 
19 11.7299 39.6000 0.5183 322.954 
20 10.2575 40.3088 0.4326 259.785 
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Table C - 22 Results of fourth NVT run of CO2-water model at 350K 
Run 4 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
11.5 20.1181 31.9850 0.7927 617.997 
12 18.4100 32.3610 0.6803 590.975 
13 16.5737 34.1945 0.5800 547.739 
14 15.3767 34.4528 0.6646 477.268 
17 13.6878 35.5368 0.4275 441.452 
18 12.4212 36.9528 0.5401 368.842 
19 11.3419 39.6178 0.5355 298.217 
20 10.2544 39.9185 0.4670 268.143 
 
 
Table C - 23 Results of fifth NVT run of CO2-water model at 350K 
Run 5 
z(nm) PZZ(MPa) γ(mN/m) solubility(molCO2/kgH2O) ρco2(kg/m
3
) 
11.5 20.0226 31.4008 0.7619 617.997 
12 18.3051 32.0765 0.6753 599.982 
13 16.6940 33.0658 0.8362 540.533 
14 15.4337 34.4800 0.5596 499.099 
17 13.5574 35.7153 0.6662 432.445 
18 12.8870 36.9800 0.5458 363.988 
19 11.4752 39.9115 0.5556 331.562 
20 10.2450 40.4373 0.4619 300.937 
 
 
Table C - 24 Average results of five NVT simulations of CO2-water model at 350K 
Average 
z(nm) PZZ(MPa) error bars(±) γ(mN/m) error bars(±) solubility(molCO2/kgH2O) error bars(±) ρco2(kg/m
3
) error bars(±) 
11.5 19.8104 1.1182 31.5422 1.4755 0.7882 0.0960 628.013 48.7167 
12 18.4591 1.1626 32.3870 1.3083 0.7113 0.0306 597.897 53.5822 
13 16.6969 1.8834 33.4640 1.7973 0.6564 0.0815 550.803 74.6967 
14 15.4664 1.8901 34.3231 1.6077 0.6441 0.0467 497.795 77.3641 
17 13.6515 1.9058 35.8428 1.9211 0.5797 0.0739 411.124 69.9215 
18 12.7586 1.8463 37.2731 1.9683 0.5459 0.0765 369.887 68.1645 
19 11.6449 1.4989 39.5625 0.9068 0.5076 0.0254 318.060 55.8931 
20 10.4319 1.2910 41.1151 1.2467 0.4412 0.0508 267.953 46.2548 
 
 
Table C - 25 Diffusion coefficient of CO2 in water of CO2-water simulation at 320K 
P(MPa) Dco2-water (simulated solubility)(10
-5
cm
2
/s) P(MPa) Dco2-water (Duan solubility)(10
-5
cm
2
/s) 
9.6894 3.2224 7.8218 2.8150 
8.7060 3.2718 7.7972 3.0054 
7.2597 3.2493 7.4787 2.9970 
6.8640 3.2346 4.8065 3.1316 
6.5532 3.3548 1.9240 2.8076 
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Table C - 26 Diffusion coefficient of CO2 in water of CO2-water simulation at 350K 
P(MPa) Dco2-water (simulated solubility)(10
-5
cm
2
/s) P(MPa) Dco2-water (Duan solubility)(10
-5
cm
2
/s) 
16.3396 5.0764 15.8911 3.6297 
16.1461 4.5852 12.2215 4.2927 
12.7433 5.0119 11.9659 4.4470 
10.3332 5.2307 8.5685 4.4346 
8.9737 4.7736 8.5106 3.7852 
8.5528 5.1386 7.0636 4.2526 
 
